We investigate the magnetotransport properties of epitaxial graphene on SiC(0001), which exhibits a stepped surface with regular terraces and step edges. We observe an anisotropic behavior in the magnetoresistance measured at high magnetic fields for narrow Hall bars patterned on stepped surfaces. If the Hall bar is aligned parallel to the terraces, the conventional quantum Hall effect behavior is observed. In contrast, a predominantly positive magnetoresistance arises if the current crosses many surface steps. The results can be explained by a model which takes into account inter-Landau-level scattering, which is enhanced in the step edge surface region and may enable electron backscattering from one channel to another on the opposite side, resulting in a positive magnetoresistance.
I. INTRODUCTION
Graphene has generated massive interest in the past few years due to its intriguing properties as a two-dimensional system. [1] [2] [3] The extraordinary electronic transport in graphene makes it a promising candidate for future electronic applications. As a result, this topic has been studied extensively. Although most of the work has been carried out on exfoliated graphene, 1, 4, 5 the electronic properties of graphene grown by other methods such as chemical vapor deposition 6, 7 and epitaxial growth on silicon carbide 8 were also investigated. The latter approach is of special technological interest, since it offers the possibility of preparing high-quality and largearea graphene layers directly on an insulating substrate. 9 Here, graphene is formed on stepped SiC surfaces at high temperatures by depletion of Si atoms. 10 Monolayer graphene, which nucleates at the step edges, covers the surface terraces and steps continuously in a carpetlike structure. 11 Usually, narrow stripes of bilayer graphene are also unavoidably formed at the step edge regions. 9 Only recently, the electronic transport in epitaxial graphene on SiC has been investigated with respect to the direction of terraces and step edges on the surface. Yakes et al. 12 reported that the electrical resistance in graphene, grown either on the (0001) or (0001) face of SiC, is different when measured in two distinct directions, i.e., parallel or perpendicular to the surface terraces. A moderate increase in the resistance was observed for the perpendicular direction, which was attributed to a charge buildup occurring at the step edges leading to an increased scattering of charge carriers. In addition, Ji et al. 13 showed that the existence of defects as well as graphene monolayer-bilayer junctions at the step edge regions contributes to the electrical resistance, which finally limits the electrical transport in the graphene films. In contrast, Jobst et al.
14 measured the magnetotransport in epitaxial graphene grown on SiC(0001) and observed that properties such as mobility and charge carrier density measured at low magnetic fields are insensitive to surface steps. Note that the experimental conditions (i.e., temperature, atmosphere, and pressure) employed for the synthesis of the epitaxial graphene were different for the above cited studies, [12] [13] [14] which could explain the apparent differences between the obtained results. Besides these works, little research has been done to determine the influence of steps on the SiC surface on the transport properties of graphene, especially in the presence of magnetic fields.
In this work, we observe an anisotropic magnetoresistance at high magnetic fields for narrow graphene Hall bars aligned parallel or perpendicular to surface terraces. A positive magnetoresistance arises if the current crosses many surface steps, in contrast to what is measured for Hall bars preferentially located on surface terraces and only crossing a few steps, which shows the conventional quantum Hall effect (QHE) for monolayer graphene. We explain the experimental results by considering a model which is based on the opening of new conducting channels at both edges of the Hall bar in the surface region close to the steps. These additional channels enable electron backscattering from one channel to another on the opposite side by means of inter-Landau-level scattering, since the spatial separation between the additional edge channels is reduced. This effect results in a positive magnetoresistance.
II. EXPERIMENTAL DETAILS
Epitaxial graphene was grown on semi-insulating 6H-SiC (0001) substrates with a miscut of about 1%. The 1×1 cm 2 substrates were chemically cleaned in n-butyl acetate, acetone, and methanol. The subsequent H-etching and graphene growth were carried out in an inductively heated furnace. The Hetching was performed at 1400
• C for 15 min in a forming gas atmosphere (95 at. % Ar, 5 at. % H) of 900 mbar and a flux of 500 sccm. The epitaxial graphene was prepared at 1600
• C in a 900 mbar Ar atmosphere for 15 min. 9, 15 Multiple Hall bars, aligned parallel or perpendicular to the terraces present on the surface, were subsequently defined by means of conventional optical lithography and oxygen plasma etching. Ti/Au layers with 10/100 nm thickness were used as electrical contacts. The morphology of the Hall bars was analyzed using atomic force microscopy (AFM). Two representative images of Hall bars with a width of 2 μm and a length of 30 μm are shown in Fig. 1 the terraces [HB ⊥ -see Fig. 1(b) ]. In both cases, the terraces are about 1 μm wide with step heights varying from 10 to 25 nm between them. The device layout and sample surface morphology were chosen to obtain a large influence of the steps on the electrical measurements (Hall bars prepared on substrates with a lower miscut, and thus offering wider surface terraces-from 3 to 8 μm-were also investigated). Residual photoresist from the lithography processes is still present on the graphene Hall bar. It has been previously shown that it does not fundamentally affect the properties of graphene on SiC (carrier density and mobility). 14, 16 Electrical measurements were carried out in an Oxford Instruments Heliox He 3 cryostat with a base temperature of 320 mK and at magnetic fields B up to 14 T perpendicular to the surface. Longitudinal (ρ xx ) and Hall (ρ xy ) resistivities were measured in a Hall bar geometry using four-terminal contacts with a current of 100 nA in a standard lock-in technique.
III. RESULTS AND DISCUSSION
The structural properties (e.g., defects or strain) of the patterned graphene were investigated by Raman spectroscopy with a spatial resolution of 1 μm, using the 482.5-nm line of a Kr + ion laser. Raman spectra were recorded at positions along the Hall bars with a distance of 1 μm. The results are depicted in Fig. 2 . In Fig. 2(a) , two exemplary spectra are shown, which correspond to measurements performed on a terrace and on a step edge. The G (symmetric E 2g phonon mode) and 2D (double resonant electron-phonon process) lines of the spectrum recorded on the step edge are blueshifted with respect to those of the spectrum obtained for the terrace. It is known that the position of both peaks depends on strain 17, 18 and carrier density. 19, 20 In a recent work, it was also reported that there is a strong correlation between the strain and charge density on epitaxial graphene, 21 with an increase in compressive strain causing a decrease in electron doping. Thus, the observed blueshift of both lines indicates that there is a difference in strain (associated with the shift of the G and 2D lines) and carrier density (associated with the shift of the G line) between the two surface regions. Furthermore, the existence of bilayer graphene at the step edge region may also contribute to a blueshift of the 2D line. 15, 21 In order to obtain information about the inhomogeneity in strain and carrier concentration, the G-line peak position, measured along the two graphene Hall bars illustrated in Figs The position of the G line changes slowly along HB , since in this case only two steps pass the Hall bar diagonally. Indeed, the evidence for two surface regions (i.e., terrace and step edge) with distinct properties is the existence of two plateaus at different wave numbers, one at about 1600 cm −1 (step edge region) and another at about 1591 cm −1 (terrace). For the HB ⊥ , fluctuations are present on a short length scale, since it crosses many steps and the terrace widths are on the order of the laser spot size. One can clearly observe that the inhomogeneity is much more pronounced for this Hall bar. Additionally, it is important to point out that a signal in the region of 1380 cm −1 is observed in both spectra [see Fig. 2(a) ], which is very similar for both samples and corresponds to the disorder-induced D line. 22 The low intensity of this peak shows that there is only a small amount of defects/disorder in the graphene structure. This is an indication for the high quality of the produced epitaxial graphene. Note that reference Raman measurements on pristine and unprocessed graphene, grown on a SiC piece from the same wafer, exhibit identical Raman features (not shown). Figure 3 illustrates the results of a typical quantum Hall effect measurement performed on a 10-μm-long and 5-μm-wide Hall bar. In this case, only one surface step edge crosses the Hall bar diagonally. The carrier density (n) is derived from the frequency of the Shubnikov-de Haas (SdH) oscillations and the mobility (μ) from the Hall coefficient and the resistivity at zero magnetic field. They exhibit values of n ≈ 1.5× 10 12 cm −2 and μ ≈ 3000 cm 2 /(V s). Several Shubnikov-de Haas (SdH) oscillations and three Hall plateaus (Landau levels m = 0-2) are observable at the predicted values. 23 For Hall bars with a reduced width and larger length (such as those depicted in Fig. 1 ), the Hall plateaus for the Landau levels with m 1 vanish due to the enhanced interaction of conducting channels. Figure 4 shows the results of the measurements on Hall bars with a width of 2 μm and a length of 40 μm. The Hall bars aligned parallel and perpendicular to the terraces exhibit n of about 7.7 and 5.5 × 10 11 cm −2 , with μ of ∼3500 and ∼3100 cm 2 /(V s), respectively. The longitudinal resistivity at zero magnetic field is higher for HB ⊥ . In other measured structures, the resistivity at B = 0 T is comparable or even higher for HB . Such variations might be an effect of nonuniformities in the graphene structure (e.g., slightly different local carrier densities or dimensions produced by lithography and plasma etching), and they are not related to the stepped surface structure.
In both cases, the longitudinal resistivity shows several SdH oscillations, while the Hall resistivity exhibits only one distinguishable resistance plateau in each case. Note that the Hall resistivity does not saturate at the predicted value of ∼12.9 k , as expected for m = 0, but for a slightly lower value for HB ⊥ . This might be caused by a mixing between conducting edge channels, which will be discussed later.
The striking difference between the samples is the behavior of the longitudinal resistivity at high magnetic fields. While HB shows the conventional quantum Hall effect with predominantly decreasing resistivity, HB ⊥ exhibits an increase in resistivity at high magnetic fields and a disappearance of minima in the SdH oscillations. This is an unexpected anisotropic behavior for magnetotransport in graphene. We want to stress that this cannot simply be an effect of enhanced scattering, e.g., at defects at the step edges, since the zero magnetic field resistivity is not considerably affected. Therefore, the observed effect likely involves a phenomenon taking place in the vicinity of the step edges under the conditions of the QHE.
We tentatively explain this behavior by considering a model which is illustrated in Fig. 5 . The structure of the sample with the Hall bar in the region of a step edge is depicted in a side [ Fig. 5(a) ] and top view [ Fig. 5(b) ]. The illustration shows the monolayer graphene covering the surface continuously 11 including the step edge regions, where bilayer graphene has already been formed. 24 For simplicity, the 6(
• buffer layer, which exists under the graphene layers, is not depicted in Fig. 5(a) . Conventionally, in a simple understanding, the conductivity at high magnetic fields in the quantum Hall regime is governed by a low number of channels at both edges of the Hall bar. The number of conductive channels is given by the filling factor 25 and is proportional to ν ∝ n/B. In the region of the step edges, additional conductive channels (corresponding to higher filling factors) may appear. One reason may be that the effective magnetic field (B eff ) is lower at the step edge region due to the tilted surface by a factor of cos(α). The angle between the SiC(0001) surface and the (1-10n) step facet is ∼24
• -28 • , 11, 26 which locally reduces B eff to ∼0.9B 0 and thus changes the distance and width of the Landau levels. A second reason could be differences in the carrier concentration between the step edges and terraces. Fig. 2(c)] . Additionally, the change from single-layer to bilayer graphene and different strains may play a role. Overall, the conditions for continuous edge states are hence broken in the step edge region, which may be described as changes from incompressible to compressible stripes in the screening theory of the QHE, similar to the case of a gradient in the magnetic field. This even holds true for very small gradients in the magnetic field, similar to the case described in Ref. 28 (and references therein). Then, an interchannel scattering appears due to mixing of states, which we denote as circulating edge states in Fig. 5 . Thereby, we illustrate the backscattering to the opposite side due to inter-Landau-level scattering, which becomes even more important in narrow samples where the spatial separation between the conducting channels at different edges of the Hall bar is reduced. This gives rise to the observed positive magnetoresistance and the suppression of conductance minima of the QHE. In contrast, the transport in Hall bars parallel to the steps behaves like monolayer graphene, even though the transport may be slightly distorted due to inhomogeneities in the structure.
To confirm this, in Fig. 6 we provide additional results for the longitudinal resistivity, measured on Hall bar structures with larger widths (between 5 and 20 μm) and lengths of 50 μm, aligned perpendicular to the terraces. A positive magnetoresistance can still be observed even for the Hall bars with a width of 20 μm, but the effect is strongly reduced in comparison to what is measured for the 5-and 10-μm-wide ones, as expected from the model. Also, in that case, ρ xx⊥ presumably decreases in the minima of the SdH oscillations (see the inset of Fig. 6 ) with increasing magnetic field. However, it does not approach zero in the measured B-field range, as in the case for Hall bars aligned parallel to the terraces. This reduction strongly supports our model. The influence of strain and the existence of bilayer graphene in the step edge regions or other effects on the inter-Landau-level scattering cannot be ruled out and requires further investigation. For a more quantitative description of the effect, additional measurements on different samples with varying Hall bar geometries and sample surface morphologies will be necessary.
IV. SUMMARY
In summary, we observe an anisotropic behavior in the magnetotransport properties of graphene in narrow Hall bars on stepped SiC(0001) surfaces. We propose a model to explain this behavior, which considers the opening of new conducting channels (i.e., higher filling factors) at both edges of the Hall bar in the surface region close to steps. This is probably caused by a reduced effective magnetic field and an increased carrier density in the step edge regions and leads to inter-Landaulevel scattering, which results in enhanced backscattering and a positive magnetoresistance.
